To compare the audiological and radiological findings of patients with incomplete partition malformations (IPs) and analyze the relationship between the audiological and radiological findings.
INTRODUCTION
Inner ear malformations (IEMs) represent about 20%-35% of the etiology of congenital sensorineural hearing loss (SNHL) [1] [2] [3] [4] . Radiological imaging methods and audiological assessments constitute the key elements in SNHL diagnosis [5, 6] .
Depending on the embryological development and radiological findings, IEMs are classified into different types. Incomplete partition (IP) malformations with normal external dimensions and abnormal internal cochlear architecture are an important subgroup of IEMs. They are divided into 3 groups: IP-I, IP-II, and IP-III [4, 7, 8] .
In IP-I malformations, the dimensions of the cochlea and vestibule are normal. There is no modiolus, and the shape of the cochlea is empty, unpartitioned, and cystic [9] . Incomplete Partition Type I malformations are also known as cystic cochleovestibular malformations. Because of the defective development of the cochlear aperture and the absence of the modiolus, there is a defect between the internal auditory canal and the cochlea (Figure 1a ) [4, 8] .
In IP-II malformations, the basal part of the modiolus is developed, and the dimensions of the cochlea are normal [9] . They are characterized by the absence of the interscalar septum, cystic dilatation of the apical part of the cochlea, and a hypoplastic modiolus. The interscalar defect is at the apex of the cochlea between the middle and apical turns (Figure 1b ) [4, 8] .
In IP-III malformations, the interscalar septum is present, but there is no modiolus in the cochlea. The cochlea is located directly at the lateral ending of the internal auditory canal. Similar to other IP malformations, the external dimensions of the cochlea are normal. IP-III malformations are associated with X-linked deafness ( Figure 1c ) [4] .
Audiological and Radiological Characteristics in Incomplete Partition Malformations
The characteristics of the hearing loss associated with IP malformations vary. Reportedly, IP-I malformations are usually associated with severe to profound hearing loss [10] . Due to the versatile development of the Corti and auditory neural population in IP-II malformations, the configuration of the hearing loss varies from normal hearing to severe and profound hearing loss [9] . Patients with IP-III malformations can be diagnosed with conductive hearing loss (CHL), mixed hearing loss (MHL), or, rarely, sensorineural hearing loss (SNHL). Audiological intervention is determined according to the type and degree of hearing loss [11] . While a literature review found papers related to the audiological findings of patients with IP-I, IP-II, large vestibular aqueduct (LVA), and IP-III malformations separately, no study was found investigating and comparing the audiological findings in IP-I, IP-II, and IP-III patients collectively. The aim of the present study was to investigate the audiological findings in patients with IP malformations. This article will compare the audiological and radiological findings of the patients with IPs and analyze the relationship between the audiological and radiological findings.
MATERIALS and METHODS
The IEM database in our clinic was reviewed following approval from the Non-interventional Clinical Research Ethics (GO 14/196-31) Institutional Review Board.
Participants
According to the IEM database at the clinic, there were 481 patients with different IEMs, and 187 of these patients were diagnosed with an IP malformation (38%). The patients that could not be reached or declined to participate were not included in the study. Of the excluded patients, 5 had follow-up treatments in a different clinic and 3 had active middle ear pathology. The study included 84 patients (168 ears) with malformations as follows: 26 patients with IP-I (age range: 18 months-26 years; mean age: 7.7), 54 patients with IP-II (age range: 9 months−32 years; mean age: 8.6), and 4 patients with IP-III (age range: 2-19 years; mean age: 9.6). Radiological evaluations of the patients were analyzed using the university's PACS imaging system or printed images. Written informed consent was obtained from the patients who participated in this study.
Audiological Evaluation
All subjects underwent an audiological evaluation. All audiologic tests were performed under standard clinical procedures in a soundproof room with a calibrated GSI 61 clinical audiometer (Grason-Stadler Inc., Minnesota, MN, USA), headphones (TDH 39P) or insert earphones (3A insert-phone), and a bone vibrator (placed at the mastoid) (BA-71). Middle-ear tympanometry was performed with the GSI TympStar version 2 (Middle-ear Analyzer, Grason-Stadler Inc., Minnesota, MN, USA). Hearing levels were determined by pure-tone audiometry, and the pure-tone average was calculated for each ear. The air conduction maximum output was 120 dB, and the bone conduction maximum output was 80 dB. In the case of "no response" at the bone conduction levels, the air bone gap was calculated as "0". To calculate the mean audiometric thresholds, all thresholds were added to the analyses, including ears with no response at any frequency. In cases with patients under the age of 2, an auditory brainstem response threshold evaluation was also performed as an objective assessment parameter. According to the audiological evaluation results, hearing losses were classified depending on the type (conductive, mixed, or sensorineural) and degree of hearing loss. The hearing level of each ear was calculated by a three-tone average (0.5, 1, and 2 kHz), and the hearing loss was labeled as subtle (16-25 dB) , mild (26-40 dB), moderate (41-55 dB), moderate-severe (56-70 dB), severe (71-90 dB), or profound (>90 dB).
Radiological Evaluation
The IP malformations were diagnosed based on the classification performed by Sennaroğlu [4] .Computerized tomography (CT) scans of the temporal bones were analyzed by an experienced neuroradiologist and neuro-otologist using the axial sections. CT imaging was performed on a 4-channel multidetector CT scanner (SOMATOM Plus 4 Volume Zoom, Siemens, Erlangen, Germany) in the axial plane. The images were obtained with 0.5 mm collimation and 0.5 mm thickness. In the 8 patients with IP-II malformations, the CT imaging was performed with an older-generation helical CT scanner with 1 mm slice thickness, and only hard copy images were available for interpretation. The CT scans of the patients with IP-II malformations were reviewed, and the ventilation of the middle ear, appearance of the semicircular canals, structure of the modiolus, and size of the vestibular aqueduct were examined. The ventilation of the middle ear was defined as normal or opacified. The semicircular canals were evaluated for dehiscence and aplasia. The modiolus in each ear was Magnetic Resonance Imaging (MRI) studies of the patients diagnosed with IP-I and IP-III malformations were also reviewed using the PACS system. Magnetic Resonance Imaging examinations were performed with either a 3T (Allegra, Siemens, Erlangen, Germany) or 1.5 T scanner (Symphony, Siemens, Erlangen, Germany) using a standard head coil. The standard temporal bone protocol included transverse T1-weighted imaging (WI), transverse T2-WI, and axial and sagittal oblique three-dimensional (3D) constructive interference in steadystate (CISS) imaging. The cochleovestibular nerves were classified as aplastic, hypoplastic, or normal depending on their size. IP-I cases frequently have cochlear nerve (CN) hypoplasia or aplasia. An MRI was routinely done in IP-I and IP-III cases, and the size of the CN was evaluated in all cases. Due to the rarity of encountering CN aplasia in IP-II cases in the early 2000s, MRIs were not routinely done in IP-II cases.
Statistical Analysis
The results of the present study were assessed with IBM SPSS 21.0 (IBM Corporation, Armonk, NY, USA) for Windows software. In the descriptive statistics, the numerical values were represented by the average, standard deviation, median, minimum, and maximum values. The categorical variables were represented by the frequency and percentage. The distribution of the air-conducted audiometric thresholds according to the cochleovestibular nerve for IP-I patients and the modiolus for IP-II patients were analyzed using the Kruskall Wallis Test. The relationship between the air-bone gap (ABG) and the size of the vestibular aqueduct was analyzed using the Spearman's rho Test. The criterion for statistical significance was set at p£0.05, two-tailed.
RESULTS

Audiological Evaluation
The authors identified 73 IP-I (15%), 106 IP-II (22%), and 8 IP-III (1.5%) patients in the Department of Otorhinolaryngology database. Of the 481 patients with IEM, 39% had IP malformations. The present study included 26 patients (41 ears) with IP-I, 54 patients (108 ears) with IP-II, and 4 patients (8 ears) with IP-III malformations. A total of 67 ears were excluded from the audiological evaluation for having a cochlear implant (53), an auditory brainstem implant (1), atresia of the outer ear (1), normal cochlear anatomy in the contralateral ear (1), or an- other type of IEM in the contralateral ear (11) . Figure 3 indicates the types of IEMs of the contralateral ears of the patients with unilateral IP-I malformations. Figure 4 shows the results of the tonal audiometric evaluation of the patients with IP-I, IP-II, and IP-III malformations. As can be seen from Figure 4a , IP-I patients usually presented with severe to profound SNHL. The mean bone conduction thresholds in IP-I cases showed that the upper limits of the bone conduction output and ABG were only seen in 2 IP-I patients. Figure 4b illustrates that the audiometric thresholds in cases with IP-II malformation were better than those in IP-I and IP-III patients. Although ABG was only at low frequencies in IP-II patients, ABG was seen at all frequencies, except 2 kHz, in IP-III patients. Table 1 shows the type and degree of hearing loss according to the type of IP malformation. As can be seen in Table 1 , all cases with IP-III malformations showed severe to profound MHL, and most cases with IP-I malformations were diagnosed with severe to profound SNHL. There were only 2 cases with ABG at low frequencies. In patients with IP-II malformations, the degree of the hearing loss varied from normal to severe/profound. The type of the hearing loss also varied in cases with IP-II malformations and included conductive, mixed, or sensorineural.
Radiological Evaluation
The size of the vestibular aquaduct was reviewed from the High Resolution Computed Tomography (HRCT) images in patients with IP-I and IP-III. 13 of 41 ears (32%) with IP-I were diagnosed with enlarged vestibular aquaduct. In all eight ears with IP-III (100%), we noticed that the vestibular aqueduct was more medially located with a different shape and varying degrees of dilatation. Table 2 shows the radiological findings of the ears with IP-II malformations. On the day of the radiological evaluation of the 20 ears with IP-II malformations (21.7%), there was opacification in the HRCT as follows: 2 ears were diagnosed with semicircular canal dehiscence (2.2%), and the remaining 90 ears had normal semicircular canals (97.8%). Depending on the development of the modiolus, they were classified as dysplastic (44 ears; 53.7%), aplastic (6 ears; 7.3%), or normal (32 ears; 39.0%).
Although the results indicate that the development of the modiolus was not significantly associated with the audiometric findings (p>0.05), the hearing thresholds of the patients with aplastic modiolus were lower than the patients with dysplastic and normal modioli. When the size of the vestibular aqueduct was measured in IP-II (n=90), 83 ears measured>1.0 mm and were defined as having an enlarged vestibular aqueduct (mean: 3.19 mm; range, 1.0 mm to 6.1 mm). The remaining 7 ears were classified as normal. No correlation between the hearing threshold and the size of the vestibular aqueduct was found (p>0.05).
The cochlear nerve of the 31 ears with IP-I malformations were analyzed from MRI images and classified according to the size of the cochlear nerve as follows: 14 ears were classified as normal (45%), 8 ears were classified as hypoplastic (26%), and 9 ears were classified as aplastic (29%).
Although the results indicated that the size of the cochleovestibular nerve was not significantly associated with the audiometric findings (p>0.05) in IP-I, the hearing thresholds of the patients with aplastic cochlear nerves were lower than patients with normal or hypoplastic cochlear nerves.
The different aspects of the IP malformations are summarized in Table 2 according to the audiological and radiological findings.
DISCUSSION
Many studies have analyzed the audiological findings of IEMs [2, 10, [12] [13] [14] [15] [16] [17] [18] . This study, however, is the first paper to compare the audiological and radiological findings of patients diagnosed with IP malformations. Studies have shown that the audiological performance of patients with IP-I malformations is worse than those with other IP malformations [4, 10, 12, 16, 19] . In this study, all the ears with IP-I malformations were diagnosed with severe to profound SNHL. These results may indicate that the major treatment option for IP-I malformations is cochlear implantation if the cochlear nerve is present. In cases with IP-I patients with an aplastic cochlear nerve, auditory brainstem implantation should be recommended.
In IP-II malformations, the internal organization of the cochlea is more developed than in IP-I malformations. While the modiolus appears to be defective, particularly in the apical parts, the basal part is present. Berrettini et al. [10] reported that residual neural functioning was weak in IP-I malformations due to the non-development of the modiolus and empty cystic cavity. On the other hand, the modiolus can be seen in IP-II patients due to the development of the basal turn, and residual hearing is better than in IP-I patients [10] . A recent histopathological study by Sennaroğlu [7] demonstrated that the three IP anomalies may have different pathophysiological explanations. According to that paper, IP-I malformations may be the result of a defective vascular supply from the internal auditory canal, and therefore, the innermost endosteal layer of the otic capsule is defective. IP-II malformations may be the result of the transmission of high cerebral spinal fluid (CSF) pressure into the inner ear via LVA. Finally, IP-III malformations appear to be the result of a defective vascular supply from the middle ear, and the outer two layers of the otic capsule are defective.
An examination of the literature studies revealed that the hearing loss associated with IP-II and LVA malformations is heterogeneous, and the conductive component is not associated with middle ear pathologies [2, 12, 13, 17, 18, [20] [21] [22] [23] [24] [25] [26] . Roesch et al. [25] found that patients with IP-II and isolated LVA malformations were diagnosed not only with severe to profound hearing loss but also with moderate asymmetrical hearing loss. Hence, Ha et al. [2] reported that in IP-II malformations, despite residual hearing at low and mid frequencies, there was hearing loss at high frequencies.
In this study, different types and degrees of hearing loss were observed in patients with IP-II malformations. The rate of the severe/ profound hearing loss was high (76%) in IP-II patients. This could be the result of the progressive characteristics of IP-II malformation. In light of these findings, patients with IP-II were usually diagnosed with MHL and, due to the progressive hearing loss during follow-up care, cochlear implantation could be recommended.
In the present study, the ABG was largest for the IP-II patients diagnosed with MHL at lower frequencies (250 Hz: 34.85 dB; 500 Hz: 23.38 dB; 1000 Hz: 17.32 dB). This study confirms previous findings that the ABG was the largest in patients with LVA at lower frequencies [13, 20, 21] .
Previous studies investigated the relationship between the size of the vestibular aqueduct and hearing loss, and different results were indicated [22, 27, 28] . Among these studies, Seo et al. [28] found a correlation between the ABG and the size of the vestibular aqueduct. In patients diagnosed with a large vestibular aqueduct, a larger ABG is associated with a larger vestibular aqueduct, especially at lower frequencies (250 Hz and 500 Hz).
In contrast, Madden et al. [27] reported that the measurement of the vestibular aqueduct from the midpoint or operculum was not directly involved with the audiometric threshold and configuration. Although there was not a direct relationship, the vestibular aqueduct was larger in the patients with progressive hearing loss. In this study, radiological evaluations revealed that there was not a significant relationship between the ABG and the size of the vestibular aqueduct (p>0.05). Considering this finding, the size of the vestibular aqueduct is not associated with the degree of hearing loss and the ABG. When the progressive nature of the disease is accounted for, it is very difficult to find a correlation between the radiological and audiological results in IP-II patients. While hearing thresholds can change over time, the radiological characteristics remain the same in IP-II patients.
In accordance with Giesemann et al. [29] the present study found that IP-I malformations can be associated with hypoplastic/aplastic cochlear nerves. Hence, the diameter of the cochlear nerve was normal in all patients with IP-II and IP-III malformations in this study. This outcome can be explained by the histopathological study. An IP-I malformation is the result of a defective vascular supply coming from the internal acoustic canal (IAC), which may also affect the cochlear nerve. In IP-II and IP-III patients, the IAC does not appear to cause the pathology, and therefore, the cochlear nerve is normal in IP-II and IP-III patients [7] . Consistent with previous studies, the present study noted the presence of severe to profound MHL in all IP-III patients [12, 14, 15] . Among these studies, Choi et al. [14] stated that the conductive component found in IP-III malformations is related to the pathologic third window. A recent paper by Sennaroğlu [7] . suggested that the thinner otic capsule was responsible for the ABG in IP-III malformations. As they have an excellent cochlear nerve, it may be possible to obtain better thresholds as a result of the thinner otic capsule. This result may imply that IP-III malformation is characterized by MHL and ABG.
According to this study's findings, the most common IEM was cochlear hypoplasia type II (34%) in cases with unilateral IP-I. According to the histopathological study, this was explained by changes in the vascular supply of the modiolus and the greater magnitude of the vascular insult in IP-I [7] .
CONCLUSION
These results may indicate that each type of IP malformation has different audiological findings. The audiological findings showed poorer auditory responses in IP-I patients compared to other IP malformation types. Although these results show a high rate of severe to profound hearing loss in cases with IP-II malformation, long-term follow-up care should be taken into account in future studies involving a higher number of ears. Depending on the type and degree of the hearing loss, it is possible to choose the appropriate audiological intervention, such as hearing aid, cochlear implant, or auditory brainstem implant. In conclusion, patients with IP malformations should be evaluated according to the type of the malformation.
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